A wireless microvalve would have a wide range of applications, including biomedical applications such as fertility control and nano-litre drug delivery. Arguably the most important aspect for such a device is a secure method to actuate the valve, such that it is not actuated through the spectrum of electromagnetic radiation already present in the surrounding environment. Additionally, many of the possible applications are sensitive to electromagnetic (EM) radiation so the device should be designed to only require the minimum amount of EM input to actuate the valve. To overcome this problem, we propose the use of a coded interdigital transducer (IDT) to respond only to a coded signal. For the wireless microvalve to be useful in biomedical applications, the IDT's response to a specifically coded RF signal must be much greater than its response to another coded RF signal, even if the two codes are very similar, i.e. improve the signal ratio of the device. In this research we demonstrate a number of code sequences that have a correlation function such that the peak response is unique and can be used to provide a high signal-to-noise ratio (SNR) surface acoustic wave. That results in a unique activation of the device when the interrogating RF signal code sequence matches the stored code sequence in the device. Also we will investigate the trade-off between the needed code length to ensure secure operation and the area constrain of the device within the context of biomedical application. For this purpose, the IDT is modelled as a pulse compression filter, which correlates the input signal with a stored replica.
A wireless, battery less microvalve uses no direct electrical power but makes use of the interrogating signal to provide the needed actuation. Such a device can be placed in an inaccessible location thus opening up new host of applications such as flow regulation, on/off switching and sealing of liquids, gases or vacuums [1] [2] [3] . For this purpose we utilise an IDT configuration with the SAW device. The IDT transforms this incoming RF signal from the antenna to a SAW and vice versa. Wireless interrogation of the device is possible by connecting the IDT to an antenna. The SAW generated by the IDT propagates along the piezoelectric substrate. The principles of SAW and the SAW generation mechanism in the microvalve are discussed in a previous publication [3] . The high energy density and small size make SAW devices attractive for actuator applications. But on the other hand the device requires a high input power level to drive it, hence it is important to have an efficient antenna design and ensure that the device will only trigger to a uniquely coded RF signal. Both of these objectives can be achieved by modelling the IDT as a pulse compression filter thus combining the narrowband, high Q-factor operation of a band pass filter with a coded reception scheme. The coding gain further improves the Q-factor [4] . Since the wireless microvalve is primarily intended for biomedical applications its important to make the device as small as possible which calls for increase in interrogating frequency, however, the higher the frequency is, the higher is the attenuation of the wave travelling in tissue [2] . As a result there is a trade-off between the penetration depth and device size for a given maximum excitation power. By replacing the conventional wideband pulse excitation with a coded one this trade-off can be alleviated [5] .
In this paper various coding schemes are analysed and the best coding technique for the application envisaged is outlined. In section 2, we present the interdigital SAW device design, where the structure of the SAW device and its operation as a matched filter are discussed. Section 3 describes the SAW pulse compression filter and the various code sequences that can be used to improve the security and actuation of the microvalve. Section 4 outlines the model construction and the optimization techniques. Section 5 discusses the simulation results and establishes a relation between the code length and strain generated by the microvalve. Conclusion and future work is presented in section 6.
INTERDIGITAL TRANSDUCER DESIGN

Background information
The design of an IDT requires an understanding of the piezoelectric effect and particularly the relationship between stress, strain and electric fields within a piezoelectric material. The following is a brief overview of the equations that are involved in the construction of the model presented in section 4.
The relationship between stress T, (N/m 2 ) and strain S, (dimensionless) within a piezoelectric material is defined as [6] , [7] :
(2) With F being force (N) and A being area (m 2 ). Strain(S) is defined as the fractional deformation of the object due to the applied force F (∆L is change in length; L is total length of material). Stress and strain within an object is defined in tensor notation as [6] :
where (c) is a constant known as the elastic stiffness coefficient or Young's modulus (N/m 2 ). Where (T) and (S) are tensor stress and tensor strain respectively. For current purposes, it is sufficient to relate stress and strain for a simple compressional or shear form, hence the tensor notation can be dropped and Hook's Law can be used (c is still the elastic stiffness coefficient but in one dimension):
In a non-piezoelectric material the relationship between electric flux D and the electric field E is [6] :
where ε r is the relative dielectric permittivity and ε 0 is the free space permittivity. Within a piezoelectric material, due to the coupling of electrical and mechanical parameters, the relationship between electric flux D and the electric field E can be written as
where [e] is the piezoelectric constant matrix (C/m 2 ), (S) is strain and E = electric field intensity. The permittivity matrix, [ε] is measured at zero (or constant) strain.
The applied electric field will affect the mechanical characteristics; thus, the relevant equation becomes [5] :
where for a piezoelectric material when a electric field is applied across it causing a strain [S] . Eqn (7) will be utilised in section 4 when we discuss the model construction.
IDT construction
The IDT considered here has the basic structure shown in Fig.1 . In this figure H is the width of finger pairs, D is the individual finger width and W is the finger overlap which is also the width of the acoustic beam. The relative polarity of the finger pairs can be determined by simply noting how the fingers are attached to the busbars. For the wireless microvalve design to operate efficiently a full constructive interference of the surface acoustic waves is desired; to achieve this, H must be equal to surface acoustic wavelength λ and D must equal λ/4 [6] , where:
v is the velocity (m/s) of the acoustic wave and f is the frequency (Hz) of the incoming electromagnetic wave.
Matched filter
The first possible implementation of a secure microvalve is to use a matched filter, which as the name suggests is a filter that is matched to a unique identified signal. The signal-to-noise ratio of the signal is maximised if the input signal is 'matched'. The transfer function of the filter is given by:
Where T is the time when the amplitude of the output signal is maximised and S * (f) is the complex conjugate of the Fourier transform of the input (time-domain) signal s(t).
When the code of the input signal matches the matched filter code the filter produces a high signal to noise ratio. However if another input signal r(t) which is an approximation of the signal s(t), the output of the filter will be at some fraction of the maximum output obtained when the input signal is s(t); the closer r(t) is to s(t), the stronger the output of the filter. Hence a unique activation of the microvalve is not possible. For the wireless microvalve to be effective for biomedical applications, the IDT's response to a coded signal must be much greater than its response to an incorrect signal, even if the incorrect signal is close to the interrogating input signal. Due to this problem with the matched filter, the pulse compression filter method was considered and will be discussed in the following section.
PULSE COMPRESSION FILTER
A pulse compression filter is also known as a correlation receiver because it correlates the input signal with a stored replica. In our case, the stored replica would be encoded in the IDT. In the frequency domain, compression involves manipulating the phases of the different frequency components of the pulse. Binary phase coding is a way of compressing a pulse where the phase of the radio frequency signal is repeatedly flipped according to the binary code with in the duration of the pulse The compression stage involves correlating the received signal with a replica of the stored code. The length of the transmitted sequence and the efficiency of the compression algorithm determine the output filter signal-to-noise ratio, which is commonly referred to as processing gain.
The appearance of side-lobes around the main signal peak in a pulse compression filter has the adverse effect of interfering with the leak proof operation of the valve. By using complementary codes, which are carefully chosen pairs of codes whose range side-lobes cancel out under ideal conditions, this effect can be minimized. The time-bandwidth product BT determines the effectiveness of a particular code, where B is the pulse bandwidth and T is the pulse duration. The BT for a simple un-coded pulse is 1, since B=1/T [9] .
The SAW pulse compression filter responds with a correlation peak output only when the interrogator transmits a frequency that matches the microvalve antenna resonance frequency and the signal has the correct code [4] . In order to study the signal processing gain in the SAW device the following terms are defined. 
u(t) is a unit step function
The BPSK coded input signal is given by
The input BPSK signal is modulated by the bit sequence of the similar code encoded in the IDT. The IDT serves as a pulse compression filter to the input BPSK signal. The impulse response of the IDT is given by
The electrical input signal, V ip (t) must pass through the IDT to be converted into an acoustic waveform. The convolution operation represents the excitation of the SAW device by the input signal V ip (t), hence the output acoustic wave can be written as
When the transmitted code, a o is received by the microvalve, a high signal to noise ratio pulse signal is produced. This pulse is then used to provide the needed activation signal to activate the microvalve.
Barker code
There are sequences known as Barker sequences which are a group of binary codes that have a correlation function such that the peak response is N times higher than at all other times (N is the length of the sequence) [6] . Fig. 3 , the correlation of a digital sequence demonstrates the principle idea. True Barker sequences are only known to exist up to a length of 13 [6] (Table 1) , however if a longer length is required, multiple sequences can simply be concatenated. For example, a 32-bit code could be constructed using a 13-3-13-3 or an 11-11-7-3 sequence. As the order of the code matters, a 13-13-3-3 code is different to a 3-3-13-13 code, thus allowing many different codes to be constructed for different devices with a significant decrease in the possibility of code reuse. Now consider the correlation when there is a one bit error in the input signal:
The correlation result of a length 5 Barker sequence, where the input signal has a 1-bit error. The peak magnitude is not as high as in Fig. 3 when the sequences match.
Maximum length code
One more sequence that can be encoded in the IDT is a pseudo-random binary signal called a maximum length sequence (MLS). An MLS signal consists of an apparently random sequence of 0's and 1's that has a flat frequency spectrum for all frequencies up to the Nyquist frequency with the exception of the dc value [10] . MLS measurements have a very high Signal/Noise ratio. The measurments can be performed in noisy environments as the cross-correlation function reduces the background noise. The S/N ratio can be further increased by the use of averaging technique. The peak-tosidelobe ratio of maximal length sequence codes is (4N) 1/2 . Though this is a high value it is less than the processing gain obtained by using a binary weighted Barker sequence.
Golay code
Golay complementary sequences are pairs of binary codes, where the number of pairs of similar elements with any given separation in first series is equal to the number of unlike elements pairs with the same separation in the second series. It consists of two codes of the same length N whose auto-correlation functions have side-lobes equal in magnitude but opposite in sign [5] . The peak of the auto-correlation function when both the codes are summed up is 2N with no side-lobes. Although these codes may seem to represent the ideal solution to the side lobe suppression problem and thus providing a leak proof operation of the microvalve, they are not appropriate for the current application as the maximum sequence length of the code is limited to 16. The longest Golay code has a peak-to-sidelobe ratio of 32. After analysing all the codes, the weighted Barker sequence is the ideal for the targeted application as it provides a high processing gain and allows concatenation of basic sequences to form a larger sequence when compared to maximum length code and Golay code. 
MODEL CONSTRUCTION
Model assumptions
After reviewing the basic principles underpinning the production of a SAW wave using an IDT (and reviewing others attempts and ideas [11] - [15] ), the model can now be constructed. Because the calculations of the acoustic wave are numerically and mathematically complex, a number of assumptions were assumed to simplify the device model. These assumptions are:
1) A simple IDT is used, with uniform fingers of λ/4 width at 90° to the busbars with the pairs spaced at λ intervals for maximum constructive/destructive interference. 2) The IDT will be directly encoded with Barker sequence(s) (pulse compression filter) to allow actuation of the valve to occur in response to only one particular code. 3) Although the model is representative of all types of surface waves, a Rayleigh SAW propagation mode is used.
The E field can be converted into a stress [T] in the piezoelectric substrate using Eq.7. As there is no external stress, the stress can be written in tensor as:
Also as we consider the stress in one dimension, longitudinally, the tensor notation in Eq.7 disappears and the above equation can be written as:
where µ t xx is the longitudinal component of the piezoelectric constant mentioned earlier (µ t ) . Although the Rayleigh wave has elliptical motion, the only motion that is being considered here is the component that causes longitudinal stresses.
Because we are utilising the Barker sequence, only the point in the time when all the waves produced by individual finger pairs that result in constructive interference; i.e. the point when the valve should activated is considered. Furthermore, because of the finger spacings, each wave produced by the finger pairs will be completely additive at all points along the substrate. Hence by obtaining the stress produced by a single finger pair, the total stress can be determined by summing up the stress produced by each finger pair. The stress at the valve opening results in the needed electric field between the fingers to cause the actuation.
Model equations
The surface acoustic wave induces an electric potential at the surface of the piezoelectric substrate. A travelling wave of potential V (volts) can be used to model this electric potential [12] 
where ω = 2 π f is the angular frequency of the input signal in radians per second, β is the wave number in radians per meter, such that βλ= 2 π and λ= υ /f is the acoustic wavelength at SAW velocity υ. The potential along the propagation direction on the surface is shown by the first term e j(ωt-βx) . The decaying potential distribution along the axis which is an approximation is specified by the second term e -β|y| .
Electric field, E (volts per meter), is generated because of the variation of potential V on the surface [12] . The electric field in the longitudinal E x and vertical E y direction is given by
As only the longitudinal motion of the SAW is taken into consideration the E y component of the Electric field can be ignored. The total electric field can be written as
In a single finger configuration only the peak values are of interest. As a result the E field or stress between the fingers can be approximated as an impulse occurring at the centre of the pair with a value equal to the maximum E field produced between the fingers, E max . This field is converted to stress according to Eq.11. As the polymer is an elastic material, the envelope can be described using an exponential e -αx , where α is a parameter dependent on the material that the wave is propagating in through.
As the waves travel in both forwards and backwards along the substrate, it is desired that the exponential peaks at one point and then falls away on both sides. The exponential then becomes e -α|x| . This function can be multiplied by the maximum stress induced, so that at its peak (i.e. at the middle point between a finger pair) it is equal to the stress induced by the electric field [14] . This peak can be spatially shifted along the x-axis by substituting for the x variable so that for a single finger pair stress can be written as
where p is the value of the x-axis where the peak is located and x is the point where the function is to be evaluated. Using Eq.18 the total stress, which is the sum of the stress in all the finger pairs, can be written as
where N is the number of finger pairs and p i is the positions of the pair at position i along the x-axis. By substituting the Electric field from eq.17 and using the relation between stress and strain given in eq.4, the total displacement can be written as The total displacement can be converted to relative displacement using eq.2 by multiplying eq.20 by the substrate length.
Microvalve optimization
The efficient operation of a microvalve is affected by a few second order effects. The actuation of the device can be improved by nullifying these second order effects. All excited IDTs that generate surface waves also generate what are known as bulk waves (which travel within the substrate rather than on the surface) to a certain extent. This is a problem as these waves reflect off the surfaces of the polymer, possibly distorting the surface wave in a random way. The production and effect of bulk waves can be minimised by two design characteristics. Firstly, by keeping the substrate thin, then the area available to the bulk waves is lessened hence reducing their effect. Secondly, an absorption material can be placed on the back of the substrate (the opposing side to the IDT surface) to absorb the bulk waves as they reach the bottom of the substrate. Diffraction occurs with the IDT in the same way as it occurs with an incident light beam on a narrow slit. This affects the microvalve as the energy in the desired SAW beam is not focused on the valve opening, but is diffracted. The design approach of ensuring that the valve opening is located in the Fresnel region, rather than the Fraunhofer region can eliminate this problem [6] .
MATLAB SIMULATIONS
Equation (20) was implemented in Matlab using the parameters given in Table 3 , for Lithium Niobate (Y-cut) [18] : The simulations indicate that as the code length increases the strain increases. So it is desirable to have a longer code length to achieve higher deflection in a microvalve, which can be best attained by using a binary weighted Barker sequence. But there is a trade off between the code length and the length of the SAW device as a bigger microvalve would be ineffective for in-vivo applications. One solution to this problem would be to operate the microvalve at high frequencies resulting in reduced finger width enabling a longer code length. From the figures 5(a), 5(b) and 5(c) it can be seen that the maximum strain along the length of the substrate varies with the variations in the code length. For a 32-bit, 64-bit and 128-bit coded SAW device the maximum strain was obtained at a substrate length of 120 µm, 160 µm and 320 µm respectively after the IDT. It was also observed that maximum strain was obtained with a 128-bit coded SAW device. The absolute strain can be calculated by multiplying the relative strain with the length of the substrate, which in turn provides the flexibility of higher deflection in the microvalve. So in order to achieve maximum actuation for the microvalve it is desirable to have the orifice at a point on the piezoelectric substrate where the maximum strain is obtained.
CONCLUSION
In this paper the ways to improve the security and actuation of a wireless battery-less microvalve were discussed. Such a device being new would open up a wide verity of applications but at the same time its secure operation is of primary interest as a slight malfunction would jeopardise the reliability of the device. The issue is addressed by encoding the SAW devices, where the devices are modelled as a pulse compression filter such that they respond only to a specific coded signal.
The code can be implanted in the IDT by varying the way in which the IDT fingers are connected to the bus-bars. The coding of the IDT not only facilitates a secure actuation of the microvalve but also improves the processing gain of the device. Applicability of the various binary sequences like the Barker sequence, maximum length sequence and Galey sequence to the particular model was investigated. The binary weighted Barker sequence was found to be the appropriate code as it provides a better actuation of the device due to higher processing gain.
After modelling the device it was found that the strain generated by the SAW device increases with the increase in the length of the code. So it is desirable to have as high a code length as possible for high performance microvalve. The next step in research is to simulate the material behavior for SAW devices using this novel technique. The same method can be used to enable multiple access mechanism where multiple devices can be used simultaneously.
